DNA-envelope complexes isolated from osmotically lysed spheroplasts of Escherichia coli contained 0.2 to 1% of the total cellular DNA after labeling with
bound DNA was equivalent in most cases to a maximum of three binding sites per chromosome. Bound DNA from E. coli B/r was distributed approximately equally between inner and outer membrane components when envelopes were fractionated on sucrose equilibrium gradients. Outer membrane-DNA complexes, in particular, fraction Hi, with a density of 1.24 g/cm3, were quite stable against shearing and against Sarkosyl NL97. In the case of E. coli B/r, Hi-DNA was also relatively resistant to deoxyribonuclease. Inner membrane-DNA complexes, in contrast, were quite labile and readily dissociated to release free DNA. The outer membrane fractions did not appear to contain replication fork DNA, but small amounts may have been present in the inner membrane complexes. A two-to eightfold enrichment for chromosomal origin DNA in the envelope was obtained when cultures of E. coli K-12, synchronized for DNA replication, were pulse labeled at different times in the replication cycle. This enrichment was found invariably in the outer membrane fractions. However, the data do not exclude the possibility that this DNA is bound to regions of adhesion between inner and outer membranes which sediment with a density indistinguishable from that of the outer membrane.
Van Iterson (43) and Ryter and Jacob (37, 38) provided the first electron micrographic evidence that the chromosome of Bacillus subtilis was bound to the bacterial surface. Subsequently, numerous workers have reported the association of bacterial DNA in cell lysates with "fast-sedimenting" (26) or with particle-bound DNA isolated on filters (41) . Such bound DNA has variously been claimed to be enriched, after being pulse-labeled for replication forks (15, 40) , chromosome origins (12, 16, 31, 42) , or other structural regions of the chromosome (1, 10, 32, 36, 44) . In addition, Sueoka and Quinn (42) and Yamaguchi and Yoshikawa (44) have obtained evidence that transformable genetic markers, associated with both the origin and terminal regions of the B. subtilis chromosome, are both enriched in fast-sedimenting, particle-bound fractions from lysed bacteria. In a different approach, Earhart et al. (11) and Ballesta et al. (3) have isolated from cell lysates DNA which attaches to magnesium-Sarkosyl crystals together with envelope material. In addition, Olsen et Bacterial strains. The strains used were: E. coli B/r strain LEB18 F-lacZ str, obtained from P. A. Meacock; E. coli K-12 strain P162-8, F-leu thr thi thyA drm dra and E. coli 15T-strain PA178 arg met try thy (low requiring) obtained from R. H. Pritchard (34) ; and E. coli K-12 strain GI 1000 F-thr leu thi thyA deoB (AcI857), obtained from B. M. Wilkins and used as a source of labeled A.
Growth conditions. Cells were grown in M9-glucose minimal medium. Auxotrophic strains were supplemented with the required amino acids and with thymine (40 yIg/ml) and thiamine (10 ,ug/ml). In certain cases, to facilitate spheroplasting conditions, PPBE medium (0.1% beef extract [Difco] , 1% peptone, and 0.5% NaCl) was used. We added 5 ml of this PPBE stock to 100 ml of M9-glucose minimal medium.
Labeling conditions. Normally, 10-ml cultures were grown for several generations in steady-state exponential growth to an absorbance at 450 nm of 0.7.
For long-term labeling, 50,Ci of [3H]thymidine per ml (18.5 Ci/mmol) was included in the medium, and uridine (final concentration, 1.5 mM) was added as a competitive inhibitor of thymidine phosphorylase. In pulse-labeling experiments, uridine was omitted and cultures (absorbance at 450 nm, 0.7) were mixed with 50 to 90, Ci of [3H]thymidine per ml for the appropriate period. Pulse labeling was terminated by adding a double volume of cold cyanide buffer [10 mM tris(hydroxymethyl)aminomethane (Tris), 10 mM NaCN; pH 7.0)].
In long-term double-labeling experiments in which membrane proteins were also labeled, cold leucine (5 Ag/mi) and 4 pCi of ['4C]leucine per ml (324 mCi/mmol), together with 50 pCi of [3H]thymidine and 1.5 mM uridine, were added to the medium. In all labeling experiments, radioactive cultures were mixed with cold carrier cells (grown in identical conditions) in a ratio of 1:5 before envelope preparation.
Preparation of DNA-membrane complexes. Cells labeled as described and harvested at an absorbance at 450 nm of 0.7 were collected by centrifugation at 2,000 x g at 4°C for 15 min, suspended in 0.75 M sucrose-10 mM Tris-hydrochloride (pH 7.8), and treated with lysozyme-ethylenediaminetetraacetic acid (EDTA), under optimal conditions exactly as described by Osborn et al. (30) PEl-cellulose plates with lumninescer), and the bases were separated by an isopropanol-hydrochloride solvent system (5). Alignment for chromosome replication. Steady-state, exponentially growing cells were filtered through a membrane filter (0.45 ,um; Sartorious), washed thoroughly with M9 buffer, and suspended in prewarmed medium lacking the required amino acids; incubation was continued for 90 min to complete ongoing rounds. The culture was again filtered, washed, and suspended in prewarmed medium containing the required amino acids but lacking thymine, and incubation continued until a mass doubling was attained. Synchronous reinitiation occurred immediately upon restoration of thymine, and the cultures were pulselabeled at this time with [3H]thymidine (for amounts see Results) and also after a further 30 min of incubation.
Restriction enzyme analysis.
[3H]thymidine-labeled DNA-envelope complexes were digested with EcoRI or HinIII endonuclease for 30 min at 37°C as described by Greene et al. (17) . Digested samples were subjected to electrophoresis in 0.9% agarose horizontal slab gels by the method of McDonell et al. (27) and, finally, the 3H-labeled bands were detected by fluorography as described by Laskey and Mills (25) .
RESULTS
Isolation of membrane associated with DNA on sucrose equilibrium gradients. By using the procedure described by Osborn et al. (26) , it is possible to separate various outer and inner membrane fractions of the envelopes on a density basis (Fig. 1 ). This procedure yields a variable (strain-dependent) number of distinct envelope fractions, usually assigned as heavy (H) or light (L), which Osborn et al. demonstrated to correspond to outer and inner membranes, respectively. The polypeptide content of inner and outer membranes is quite distinct as shown in Fig. 2 (2, 24) and, by using this criterion for E. coli B/r, we identified two outer membrane (Hi and H2) and two inner membrane (Li and L2) fractions (24) . The basis for the separation of the outer membrane into two fractions is not known but may reflect differences in lipopolysaccharide content or greater contamination of H2 by inner membrane fragments. No significant levels of unseparated envelope material (fraction M), as judged by polypeptide content, are visible in gradient profiles from E. coli B/r, although such a fraction is present in E. coli K-12 envelope profiles (24; see Fig. 8 ).
When exponential cultures of E. coli B/r were labeled for several generations with radioactive thymidine and the washed envelopes were fractionated on discontinuous sucrose gradients, all heavy and light bands were found to contain labeled DNA (Fig. 1) . The amount of DNA recovered in the envelope fraction varied between 0.3 and 0.95% of total DNA, and this was consistently distributed approximately equally between the heavy and light fractions. When cell lysates were treated with DNase, a small amount of DNA was still recovered in the envelope fraction, and the major portion of this material was associated with the heavy membrane fractions (Fig. lb) .
Control experiments showed that unbroken E. coli cells sedimented to the bottom of the gradient ( Fig. 1 DNA, which associates primarily with the outer membrane fraction, was resistant to this treatment (data not shown). All of the DNA was apparently released from the complex by treatment with Triton X-100, a detergent which disrupts both inner and outer membranes in this organism (Fig. 4c) . When complexes were isolated from lysates treated with Sarkosyl (a detergent which solubilizes inner but not outer membranes [13, 8] ), an H-DNA complex was isolated apparently intact, whereas other DNA complexes were disrupted (Fig. 4b) . Similar results were obtained when the DNA-envelope complexes were first isolated and then treated with Sarkosyl. It was not possible to positively identify the outer membrane fraction in Fig. 4b as H1 or H2 because density changes due to some loss of phospholipid could occur during Sarkosyl treatment.
Properties of DNA associated with inner membrane fractions of E. coli B/r. The relative instability of DNA-inner membrane complexes indicated above was further confirmed when Li and L2 complexes isolated from the Osborn gradient were recentrifuged to equilibrium after being layered on a continuous sucrose gradient. Very little DNA remained associated with the sedimenting membrane fraction in these experiments (Fig. 5b and c) ; most of it remained behind as free DNA at the top of the gradient. The DNA in Li and L2 complexes had a molecular weight of about 5 x 106, corresponding to a maximum of three bound DNA sites per chromosome (calculated as indicated in Table  1 ). After release from the membrane by detergent, Li-and L2-DNA banded with a density of 1.72 g/cm3 on CsCl gradients.
Properties of DNA associated with outer membrane fractions of E. coli B/r. The majority of DNA associated with Hi (as shown in Fig. 5a ) still sedimented coincidentally with the membrane fraction when this material was recentrifuged to equilibrium on a 40 to 55% linear sucrose gradient. Results with the H2 fraction were variable, but in some experiments the majority of the DNA appeared free at the top of the gradient after recentrifugation (data not shown). The labeled material extracted from both Hi and H2 banded with a density of 1.72 g/cm3 on CsCl gradients. H2-DNA had an average molecular weight of 1.5 x 106 to 3.5 x 106, whereas Hi-DNA appeared smaller and more heterogeneous, with some major species having molecular weights of 6 x 105 or 2.5 x 105 (Table   1) .
DNase resistance of Hl-DNA. Specific attachment of the bacterial chromosome to the surface envelope might be expected to provide protection to at least some regions of the DNA against the action of added DNase. Thus, clarified lysates prepared as for the experiment of Fig. 1 were treated with DNase I until essentially no further solubilization of DNA could be detected. Under these conditions, the total amount of DNA recovered in the envelope fraction varied widely (between 5 and 50% of that recovered without DNase treatment). Nevertheless, in all experiments Hi-DNA was enriched two-to threefold after the addition of DNase, compared with other envelope DNA fractions. Thus, Hi-DNA constituted at least 50% of the envelope DNA after DNase treatment (Fig. lb) . DNA (aligned culture)' a The molecular weight and the yield (percentage of total DNA) of each DNA species was determined after release from membrane fractions. Assuming the average molecular weight of the partially replicated E. coli chromosome to be 3.9 x 109, we determined the number of fragments of DNA and hence the apparent number of binding sites per chromosome in each complex.
b Experiments were with E. coli B/r and were conducted in a manner similar to that described in Fig. 1 .
'In this experiment, Hi-DNA consisted of two major fractions; material of molecular weight 6 on October 27, 2017 by guest http://jb.asm.org/ Downloaded from samples labeled at both early and late times showed the great majority of label in the outer membrane fractions (Fig. 8d) . In addition however, it is clear that there was a fourfold enrichment for that DNA (expressed as the percentage of the labeled thymidine incorporated into the culture) recovered in association with the outer membrane which was labeled during initiation (as compared with DNA labeled at a later time).
In some experiments (Fig. 8b) , origin DNA appeared especially enriched in the Hi fraction, compared with H2, but this effect was not always obtained. Similar overall results were obtained with an aligned culture of two other E. coli strains, and, in a total of 10 experiments with strain E. coli K-12 P162-8, the enrichment factor varied between two-and eightfold. These experiments included one in which, after pulse labeling of the origin, a chase period was inserted so that envelopes could be isolated from bacteria of the same physiological age as those labeled late in the replication cycle. Finally, exhaustive washing of the envelopes from the aligned cultures was required to remove nonorigin-labeled DNA, thus leaving the outer membrane fractions enriched for origin DNA (Fig. 8c and d ). Restriction enzyme analysis of origin-labeled DNA. A DNA-envelope fraction isolated (as described in the legend to Fig. 1 DISCUSSION DNA-membrane complexes isolated from exponential cultures by the procedure described above contained 0.3 to 1% of the total DNA, corresponding to one to three envelope-bound fragments per bacterium. In E. coli B/r LEB18, this DNA was distributed about equally beween inner (L2, L1) and outer (H2, H1) membrane fractions; in E. coli 15T-and E. coli K-12 P162-8, 80 to 90% of the envelope DNA fractionated with the outer membrane. In our study (see also 24) , outer membranes separated on discontinuous sucrose gradients into at least two fractions, (2, 24) . The strategy adopted in this study was to minimize nonspecific binding of DNA to envelope material by avoiding detergents, excessive amounts of lysozyme (39) , or sonicoscillation to break open cells. Exhaustive washing was also used to remove loosely associated DNA. This step was found to be especially important for obtaining envelopes enriched for origin DNA. Great care was taken to separate any unbroken cells from the complexes, and the presence of DNA in all complexes was confirmed by several methods in addition to its identification by labeled thymidine. Finally, by avoiding detergents we hoped to maximize the recovery of membrane-associated DNA. The strategy adopted appears to have been justified by the consistent finding that origin-labeled DNA was enriched two-to eightfold in the isolated envelope. This result, together with the accessibility (albeit restricted to small oligonucleotide segments in the case of the H1 fraction) to added DNase I, appears to rule out gross trapping of nonspecific DNA fragments in membrane vesicles which may have been present in either the inner or the outer membrane fractions.
The isolation of a membrane-bound origin DNA confirmed the previous findings of Parker and Glaser (31), who used quite different procedures to demonstrate origin DNA in whole envelope fractions. However, our results, which demonstrate the clear association of origin DNA with outer, rather than inner membranes, was unexpected and in complete contradiction to the results recently reported by Gomez-Eichelmann and Bastarrachea (16) . Nevertheless, we confirmed this result in many experiments and with three different bacterial strains. These results are also consistent with the observation that, in a dnaA mutant that is defective in initiation of DNA replication, DNA can be recovered in the outer membrane after DNA synthesis at permissive temperatures but not at the nonpermissive temperature (E. Orr and V. Darby, personal communication). In addition, Doyle et al. (9) have reported that the origin of the chromosome of B. subtilis may be bound to (10, 32, 36) .
Two points concerning the properties of DNAmembrane complexes from exponentially growing cultures require further elaboration. First, the extreme lability of inner membrane complexes suggests that, if they exist in vivo, DNA binding to the complexes is weak and readily dissociated, as suggested previously for mem-FIG. 8 . Analysis of DNA-envelope complexes after chromosomal alignment. A culture of E. coli K12 P162-8, aligned as shown in Fig. 6 , waspulse-labeled with [3H]thymidine at 37C during the first 30 s ofreinitiation and pulsed again after an additional 30 min. Pulse-labeling was terminated as described in the text, in two separate experiments (a and b). The envelopes were isolated and analyzed on sucrose equilibrium gradients as described in the legend to (19) . Second, the relative resistance of outer membrane DNA to endonuclease I with the protection, at least in Hi-DNA complexes, of bound oligonucleotide fragments of about 36 base pairs is consistent with the binding of the DNA to membrane polypeptides.
Finally, we would like to emphasize that the coincident banding of origin DNA in density gradients with outer membrane fractions does not rule out the possibility that the origin is bound to the outer membrane via an area of adhesion between inner and outer membranes (4) . This possibility has also been proposed by Heidrich and co-workers (21, 29) and by Portalier and Worcel (32) . More specifically, these workers have provided evidence for the presence of an 8 x 104-dalton polypeptide at the DNAmembrane binding site, which they have suggested is identical to protein D, an envelope protein reported to be synthesized at one specific time in the cell cycle of E. coli (8, 18) . However, this polypeptide (molecular weight, 8 .1 x 104) has recently been identified as the feuB gene product, an inducible, iron-binding protein in the outer membrane (6) . The previously observed periodic mode of synthesis of this protein during the cell cycle is probably an artifact (6) and, moreover, mutants lacking this protein appear to grow normally (20) . Isolation 
